INTRODUCTION of the ion-irradiated suggesting that ion
The direct tmmsforrnation of graphitic carbon into diamond is of considerable technological interest. The high stability of the basal graphite planes requires thermodynamic conditions deep within the diamond phase region or the presence of catalysts for solid-state transformation of graphite into diamond. For example, tr&sforrnation of graphite to diamond has been achieved using high static pressure [1] and "dynamic shock [2] . It has been proposed that point-defects produced by ion-irradiation could lower the free energy barrier for transformation [3] . Such arguments have motivated numerous attempts to transform graphite into diamond using irradiation. _ However, until recently, all attempts have been unsuccessful. The only two successful attempts were elevated temperature MeV electron [4] and ion [5] irradiations of carbon onions (concentric graphitic shelled structures of nanometer diameter) have been reported to convert the cores of the onions into diamond. It was proposed that the combination of particle irradiation and annealing at elevated temperature causes a si~xcant contraction in the spacings of the concentric shells. This, in turn, generates pressures in the core above the graphite/diamond equilibrium phase line, permitting solid-state transformation of graphite into diamond [4, 5] .
The free-energy difference between diamond and graphite is very small, and under appropriate conditions, both allotropes will form. There is evidence suggesting that graphite can directly recrystallize as diamond in ion-particle tracks without the need of annealing at elevated temperature. The discovery of 30 ppm concentrations of nanodiamond aggregates in crustal Urich coaI-like carbonaceous assemblages of Precambrian age suggests direct recrystallization of diamond in the cores of U fission tracks produced in the carbonaceous minerals [6] . The nanodiamonds in these assemblages were revealed only upon their isolation from the bulk by acid dissolution treatments. Iftheywere produced byioninadiation, this suggests alowfomation efficiency which could contribute to the failure to observe diamond in well-studied ion-implanted . carbons or in unsuccessful irradiation experiments which attempted &mond formation.
In this work, we test if nanodiamonds can form in bulk graphite irradiated by heavy highenergy ions at ambient temperature. For our experiments, we selected ion-irradiation conditions similar to those experienced in the nanodiamond containing U-rich carbonaceous assemblages. There are three main decay products of 238U; a-particles (= 4 MeV), o!-recoil nuclei (= 100 kev) and IQ and Xe fission fragments (= 100 MeV). Both the et-recoil nuclei and fission fragments produce substantial lattice displacement damage. The rate of 238U a-decay is over six orders of magnitude greater than that of spontaneous fission into two heavy fragments. However, the range of et-recoil nuclei is very short (= 10 nm) and likely does exceed that necessary to escape U-oxide grains and interact with carbonaceous material. Therefore, in the U-rich carbonaceous, assemblages it is mostly likely the fission fragments which could produce the diamond. In our experiments, fine-grain polycrystalline bulk graphite is irradiated by 400 MeV Kr ions at ambient Temperature. This work is unique in that the irradiated graphite is subsequently processed by acid .-dissolution treatments designed to recover ppm concentrations of nanodiamonds; These acid residues are characterized using transmission electron microscopy. In this paper we discuss the preliminary results of our ion irradiations and subsequent acid dissolutions of bulk graphite.
EXPERIMENT
Fine grain polycrystalline graphite sheets of 125 pm thickness and 99.95% carbon purity were cut into 1.14 by 1.59 cm pieces. Ion irradiations were performed at the Argonne Tandem Linear Accelerator System (ATLAS) at Argonne National Laboratory (ANL) using the large scattering facility. The graphite pieces were mounted on Cu heat sinks cooled to 20"C. The specimens were irradiated individually by 400 MeV Kr to a fluence of 6 x 1012 ion-cm-2 on both sides. A gold scattering foil was placed in the beam path to spread the ion beam so that the entire exposed surface of the specimen (1.5 cm2) was irradiated. This resulted in a dispersion and reduction in the energies of the Kr ions 'to = 350A 50 MeV. The ranges of these ions were estimated to be 35 t 5~m from Monte Carlo based computer algorithms, TRIM, using the binary collision approximation [7] . Therefore, about 40% of the bulk of each specimen received ion irradiation.
Both unirradiated (0.339 g) and ion-irradiated (0.317 g) graphite were separately subjected to the standard acid dissolution procedure developed to recover 300 ppm concentrations of -nanodiamonds from primitive carbonaceous meteorites [8] . The basic procedure involves the oxidation of graphitic carbons by gradual heating (lOO°C/hr up to 200°C) in a solution of (7:2: 1) HC104, H2S04, and HN03 also containing 0.003M Cr+6 (which acted as a catalyst). This procedure was applied twice. Following the fnst oxidation of the ion-irradiated graphite, there was <1 Kg of total material remaining. A valuable tool in the separation process is that colloidal properties of nanodiamonds can be controlled by the pH of their solution and this is usually attributed to the presence of acidic carboxyl groups (-COOH) on their surface [9] . Any nanodiamonds present following both oxidations were placed in colloidal suspension using 0.1 N NH40H, and centriiigation was used to separate them from whatever coarse particles survived (or were contaminants during the processing).
After the coarse particles were removed, nanodiamonds were then recovered from the suspension by adding HCI until the solution pH <1, waiting for the diamonds to aggregate together, and centrifugation. Following this purification step, both samples had cc 1 Lg remaining. Any diamonds present in these residues were Electron diffraction pattern from a collection of nrmocrystals in the acid residues of the ionirradiated graphite. To illustrate all the reflections, three intensity scale changes were applied to the image.
ultrasonically suspended in 12 pL of 41 mixture of isopropanol and H20. They were . . placed into colloidal suspension by adding HC1 until the solution pH -1 or 2. 1-2 pl aliquots of this solution were deposited on 3 mm Cu TEM grids coated with either holey amorphous-C (a-C) film used for imaging or amorphous-SiO (a-SiO) film used for analytical measurements.
The samples were then characterized by transmission electron microscopes (TEMs) in the Electron Microscopy Center at ANL. Lattice imaging was performed using a JEM JEOL-4000EX high-resolution TEM. Analytical elemental analysis of the residues was performed using a Philips CM30 TEM equipped with a Gatan Model 666 Parallel Electron Energy Loss Spectrometer (PEELS) and an EDAX EDAM-IIs Energy Dispersive X-ray Spectrometer (EDXS).
RESULTS
The acid residues of the ion-irradiated graphite were found to contain nanocrystals which were dispersed nonuniformly on the support film. Some regions on the support film contained dispersions of nanocrystals with a sufficient number density to record electron diffraction patterns Figure 2 illustrates a plot of the radial average of the intensity (Figure 1) . , Table I . The measured difiiaction maxima are found to index well to cubic diamond.
In addition to the allowed reflections, the lcinematically forbidden (200), -(222), and (420) cubic diamond reflections are also present with appreciable intensities. The Icinematically forbidden reflections with mixed indices (1 10), (221), and (321) are notably absent.
The presence of cinematically forbidden diamond reflections have been previously explained in terms of dynamical diffraction effects and lattice distortions arising from impurity atoms [10- 1 2] . The forbidden reflections observed here result from double diffraction arising from twinning ( Figure 3) . Double diffraction can readily explain both the presence of forbidden reflections with all even indices and the absence of those with mixed indices.
High-resolution lattice images of nanocrystals in the irradiated graphite acid residue show that many exhibit cross lattice fringes consistent with the [01 1] zone of diamond (Figure 3 ). The measured Iatticeplane spacings and angles match those of diamond to within measurement error. The nanocrystal shown in Figure 3 has two (111) stacking-fault planes forming a twin larnallae. The interface at a twin boundary represents one of the lowest-energy lattice defects. As a result, nanocrystals can form twin structures relatively easily to accommodate growth constraints [13] . Many of the nanocrystals in the irradiated graphite acid residues were heavily twinned along <111> planes, accounting for the double diffraction observed. . .. The phase contrast produced in high-resolution TEM . -lattice images is higldy dependent on several instrumental parameters and on factors such as specimen thickness and orientation. In general, the relationship between the image contrast and the atomic structure is not straightforward. For example, under certain conditions two different atomic structures can produce simhr lattice images. However, changes in the defocus will affect the lattice images from dissimilar structures differently.
Therefore to identify a crystal structure, it is necessary to image under a range of defocus conditions and compare them to image simulations.
The behavior of the image contrast of the nanocrystals as a function of defocus was examined and compared to that predicted by multi-slice simulations of. diamond. For the [01 1] zone of diamond, either the unresolved columns of (400)-spaced atom-pairs or the open channels in the structure are imaged as bright dots, depending on the defocus. Since the geometric arrangement of these are similar, a contrast reversal is observed in changing defocus (Figure 4) . A through-focus series was recorded for several nanocrystals in the irradiated graphite residues. Contrast reversal as expected for diamond was observed. Figure  5 illustrates a plot of the through-focus series performed on the nanocrystal shown in Figure 3 . The measured spacing between contrast reversals was found to be 23.3 + 3.0 nm, and this was determined from a fast Fourier transform (FFT) analysis of the a-C film. This is in good agreement with 25.7 nm that was calculated by multi-slice image simulations of diamond. From the electron diffraction and high-resolution imaging data, there can be little doubt that the crystallography of the nanocrystals is that of diamond. Elemental analysis using an EDXS on the regions containing high nanocrystal concentrations indicated predominantly Si, O, and Cu (from the support fflm and grid) as shown in Figure 6 . The only other elements present are C, Cl, and S. The Cl and S are relicts of the acid treatments in the form of amorphous and nanocrystalline precipitates. The Cl-rich nanocrystalline material is -4-. .
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-. extremely beam sensitive and exhibits lattice images distinctly @ifferentfrom diamond.
-. Our obsemations indicate the presence of nanodiamonds in the ion irradiated graphite acid residue. This is based on the combination of their electron beam stability, chemical resistance to harsh oxidizing acids, electron diffraction, and lattice images.
The acid dissolution residues of the unirradiated graphite (control) contain several orders of magnitude less nanocrystalline material than the irradiated graphite acid residues. Some of the nanocrystals in the control residue exhibited high-resolution lattice images consistent with that of diamond. However, because of the low concentration of these nanocrystals, it is not possible to identify them as diamond with high confidence. Therefore, our results indicate that the 400 MeV Kr ion irradiations of bulk graphite at room temperature do form nanodiamonds. Assuming that recovery by acid dissolution was 75% effective and 1 pg of diamonds with a mean diamond size of 4 nm were produced, then a rough estimate of diamond yield is -0.08 nanodiamonds/ion. In comparison, the diamond yield estimated in the U-rich carbonaceous material was 0.14 nanodiamonds/fission fragment [6] . This supports the speculation that ion irradiation formed the nanodiamonds in the natural material. 
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-14 -12 -10 -S -6 Af(nm x 10) from TEM objective lens current Energy Dispersive X-my Spectroscopy of 400 MeV Kr ion-irradiated polycrystalline graphite were found to contain nanodiamonds. . . The identification of nanocrystals in the residues as diamonds is based on their electron beam stability, chemical resistance to harsh oxidizing acids, electron diffraction patterns, and high-resolution lattice images (including lattice spacings and angles as well as throughfocus behavior). Each of these points by themselves cannot provide an unambiguous identification as diamond, but taken together, they do provide strong compelling evidence.
The acid dissolution residues of the unirradiated (control) graphite contain several orders of magnitude less nanocrystalline material. Therefore, our results indicate that the 400 MeV Kr ion irradiations of bulk graphite at room temperature do form nanodiamonds.
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Energy (keV) Figure  6 : EDXS spectra of a) collections of nanocrystals in the ion-irradiated graphite acid residue and b) a-SiO film containing no nanocrystals. The carbon content in the spectra shown in b) gives an indication of the amount of hydroedcm build up during measurement,
